This paper describes an experimental study of the initiation of solid explosives, and in particular the effect of artificially introducing transient hot spots of known maximum tem perature. This was done by adding small foreign particles (or grit) of known melting-point. The minimum transient hot-spot temperature for the initiation of a number of secondary and primary explosives has been determined in this way. It is shown that the melting-point of the grit is the determining factor, and all the grits which sensitize these explosives to initia tion either by friction or impact have melting-points above a threshold value which lies between 400 and 550° C. Grit particles of lower melting-point do not sensitize the explosives.
a tribochemical one. That is to say, initial chemical decomposition is not produced by a direct rupture of the molecule, nor is the chemical excitation due to the rapid shearing of adjacent molecular layers. The .mechanical energy of the blow (or of the rubbing) must first be degraded into heat to form a hot spot of small but finite size. Thermal initiation then occurs at this hot spot. I t was found th a t with liquid, gelatinous or plastic explosives these hot spots were formed most, readily by the adiabatic compression of minute included gas bubbles (Bowden, Mulcahy, Vines & Yoffe 1947) , but they may also be formed by the friction between rubbing sur faces, and in extreme cases by the viscous heating of rapidly flowing explosive heating itself. If small gas bubbles are present the explosion is rendered extremely sensitive to impact, and ignition may occur with the gentlest of blows. There is some indication th at initiation may occur when the pressure ratio for the adiabatic compression of a small air bubble is c. 30:1 (Eirich .& Tabor 1948) . This would give' a temperature for the gas in the bubble which is about 500° C.
If the hot spot is formed by friction on a solid surface, there is evidence th a t the maximum temperature rise is usually limited by the melting-point of the surface (Bowden & Ridler 1936) . By using surfaces of known melting-point, it is therefore possible to fix and to limit the transient temperature which can be readily generated by friction or impact. I t has been found th a t for a liquid explosive, such as nitro glycerine, being rubbed between metal surfaces, initiation does not occur unless the melting-point of the metals is c. 480° C or higher. Direct measurements of the surface temperature between different metals rubbing together have also been made by using them as a thermocouple. If nitroglycerine is present between the surfaces it is again found th a t initiation does not occur until the local temperature a t the points of rubbing contact is greater than 450° C.
Measurements by a variety of experimental methods show th a t the hot spots generated by friction and impact are transient and last for a short time, which depends on the experimental conditions but which is usually of the order of 10~3 to 10~4 sec. For this reason, and also probably because of their small size (recent measurements by Thomas (1949) indicate th a t the frictional hot spots on rubbing solids may be 10~3 to 10~4 cm. in diameter) the hot-spot temperature (> 450° C) necessary to ignite the explosive is appreciably higher than the conventional ignition temperatures, which for nitroglycerine, heated in bulk, is about 200 to 250° C. These hot spots also play an im portant part in the initiation of decomposition in solid explosives. This paper will describe some simple experiments on the initiation of solid explosives by friction and in particular the effect of artificially introducing into the explosive small solid foreign particles of known melting-point. I t is well known of course th at the introduction of solid particles ('g rit') has a sensitizing effect on explosives. The classical experiments on this are those of Taylor & Weale (1938) , who studied the effect of glass and of carborundum particles on the impact sensitivity of a number of explosives. They concluded th a t the initiation mechanism was a tribochemical one, and it is usually considered th a t it is the hardness of the particle which is its most im portant property in determining the sensitizing effect. Recently, Copp, Napier, Nash, Powell, Skelly, Ubbelohde & Woodward (1948) have made some measurements on the friction sensitivity in the presence of grit. They did not observe any effect unless the hardness of the particle was greater than 4 on the Mohs scale.
However, if the sensitization is really due to the formation of a hot spot on the surface of the grit particle, we should expect the melting-point of the grit particle itself to be of primary importance (Bowden & Gurton 1948) . The work described in this paper shows th at this is indeed so for solid as well as for liquid explosives, and th at unless the melting-point of the grit particle exceeds 400 to 500° C it does not, under the experimental conditions used, initiate explosion.
A second paper describes a high-speed camera study of explosions of liquids and solids initiated at a hot spot. I t shows how these explosions develop from a com paratively slow burning into a high-speed detonation. A third paper, by Dr Yoffe, deals more fully wth the initiation of liquid explosives by the adiabatic com pression of gas. I t also discusses the formation of hot spots by the rapid compression of air and other gases entrapped between the crystals of a solid and the part this may play in the initiation of solid explosives.
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Experimental
An apparatus was constructed in which a thin layer of solid explosive could be subjected to rapid shear while held under a considerable load. The apparatus is shown in figure 1 .
A thin layer of explosive was placed on the upper surface of the bar under the steel cylinder R. By screwing S, a suitable load was applied to the explosive, a was measured by the bending of the beam B, or by using a loaded lever arm in place of B. The pendulum bob P was then raised to a suitable height and allowed to fall, turning about the ball-race pivot. The impact on A forced the bar along, since it was free to slide on the lubricated surface of the fixed block C. In this way the explosive was suddenly subjected to a rapid shearing action. Under these conditions the explosive was highly compressed before the experiment, and the possibility of including gas was small.
Results
When P.E.T.N. (penta-erythritol tetranitrate) was subjected to this experiment no explosions were obtained when the highest loads and rates of shear were em ployed. However, if a few small particles of glass were introduced into the explosive before the test was carried out, explosion was obtained in every experiment. The initial size of the particles used was of the order of 100/i. This experiment was repeated with other grits of known melting-point. The materials used as grits were crushed minerals and crushed inorganic salts. Wherever possible the salts were fused before crushing in order to remove occluded moisture. The minerals chosen were among the softer ones (hardness on the Mohs scale 2 to 3-5), so th at the difference in hardness between most of the materials used was not very "great. Table 1 gives the explosion efficiencies obtained with a number of grits together with the hardnesses and melting-points of the materials. For convenience the impact results, which will be discussed later in the paper, are included in the last two columns of tables 1 to 7. I f the friction explosion efficiencies set out in column 4 are compared with the hardness values in column 2, no obvious correlation can be observed, but if they are compared with the melting-points of the grits as set out in column 3, a remarkably sharp division is apparent. All grits of meltingscale F ig ure 1. Apparatus for the initiation of explosion by friction.
point greater than 430° C were effective in causing explosion, while all grits less than about 400° C were ineffective. Since the highest temperature reached by rubbing two solids together is limited by the melting-point of the lower melting solid, it follows th a t the hottest spot on a piece of grit rubbed on steel, or on another piece of grit, will not, in general, have a temperature above the melting-point of the grit. Thus these experiments show th a t when hot spots of 430° C and upwards are produced in P.E.T.N., explosion usually follows. In the absence of any hot spot greater than 400° C no explosion occurred a t the highest rates of shear used in these experiments.
Cyclonite gave results which were essentially similar to those obtained with P.E.T.N. Again grits of high melting-point were much more effective than grits of low melting-point, and no explosions were obtained if the explosive was pure, or mixed with any grit of melting-point less than 400° C. A few results have been set out in table 2. - Experiments have been carried out on this apparatus with four initiating ex plosives, namely, lead azide, lead trinitroresorcinate, tetrazene and mercury ful minate, and there was one marked difference in the results. When these explosives were subjected to the stringent conditions of test used in the experiments with P.E.T.N. and cyclonite, they exploded in the absence of any grit. In consequence the load applied was reduced to 64 kg., and the maximum height of fall of the pendulum to give no explosions was determined. Table 3 shows the relative sensi tivities of the four explosives.
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A fundamental difference between these explosives and the secondary explosives (P.E.T.N. and cyclonite) is shown in their behaviour when heated slowly. The secondary explosives melt before decomposing, while the primary explosives investigated cannot be melted. They decompose explosively while they are still in the solid state. I t is not unlikely, therefore, th a t hot spots which develop on the surfaces of these explosive crystals, or between the crystals and the steel surfaces, could reach temperatures above the minimum necessary for explosion. With the secondary explosives this will not occur, since the temperature rise is limited by the melting of the explosives. The effect of added grits on two of these explosives was studied, and again it was found th a t only grits of melting-point 500° C and greater were effective sensi tizers for lead azide and lead styphnate. Some results are set out in tables 4 and 5. Mercury fulminate and tetrazene were not treated in this way, since they were considered to be too sensitive to friction even in the absence of grit.
, ^----------------------
I n i t i a t i o n o p e x p l o s i o n b y im p a c t
The effect of added grits on the impact sensitivity of various explosives has also been studied. Experimental
In the first series of experiments P.E.T.N. was used. About 25 mg. of this ex plosive was spread as a continuous layer of crystals on the surface of a | in. dia meter Hoffman steel roller, and a similar roller was placed on top of the explosive. The two rollers were inserted in a £ in. diameter hole in a brass block mounted on a rigid table. A 225 g. Hoffman steel ball was suspended vertically above the top roller, and then allowed to fall freely. By repeating this experiment many times at various heights, a height (47 cm.) was found at which only very occasional explo sions occurred. Further experiments were then carried out under these conditions, but before placing the top roller on the layer of explosive a little grit (1 or 2 mg.) was sprinkled over the explosive.
Results
The results for P.E.T.N. are recorded in table 1, columns 5 and 6. I t is apparent th at they are very similar to those obtained in the friction experiments. Again there is sharp division; grits of melting-point 430° C and higher are effective sensi tizers, while grits of lower melting-point are in general unable to cause any increase in sensitivity.
Similar experiments were carried out with the primary explosives lead azide, lead styphnate, mercury fulminate and tetrazene. For convenience, similar rollers were used in the confining surfaces, and the hammer used was attached to an arm swinging freely about a point. Again the effective grits were those whose melting-points exceeded a certain value.
The results for lead styphnate, mercury fulminate and tetrazene are set out in tables 5, 6 and 7. I t will be seen th at there is again a clear-cut relation between the melting-point of the particles and its influence on sensitivity. Experiments were also carried out with lead azide. Again it was found th at the melting-point was important. Silver nitrate (m.p. 212° C), silver bromide (m.p. 434° C) and lead chloride (m.p. 501° C) had no appreciable sensitizing effect when the impact was provided by a 240 g. striker falling 29 cm. Under similar conditions borax (m.p. 560° C) and chalcocite (m.p. 1100° C) gave 100 % explosion efficiency. Bismuthinite and gelena had only small sensitizing effects in spite of their high meltingpoints, but both of these substances were soft compared with the azide. The chemical nature of the grit particle An examination of the results set out in the various tables shows th a t the chemical nature of the grit particle has surprisingly little effect compared with its meltingpoint. The chemical properties of the substances used differ very widely, but in each case it is the melting-point of the particle which is the decisive factor. The one exception to this which has so far been observed is potassium chlorate. The hard ness of potassium chlorate is 2 to 3 on the Mohs' scale and its melting-point is c. 370° C. This is below the critical hot-spot temperature of 400 to 500° C. Experi ments showed, however, th a t the addition of potassium chlorate could have some sensitizing effect on the initiation of certain explosives. When used with P.E.T.N., for example, no sensitization was observed for the friction experiments, but the explosion efficiency under impact was 18 %. This should be compared with the results given in table 1. When mixed with lead azide and investigated under the conditions obtaining in table 4 it was found th at again it had no apparent sensitizing effect on the friction initiation, but the explosion efficiency under impact was 6 %. W ith lead styphnate (compare table 5) the explosion efficiency under friction was 7 % and with mercury fulminate under impact (compare table 6) it was 11 %. Particles of potassium chlorate (m.p. 370° C) can therefore have some sensitizing effect when substances such as potassium dichromate (m.p, 398° C) have none. When we consider the strong oxidizing properties of potassium chlorate and the fact th at when mixed even with stable substances like carbon, it will readily explode on heating, this observation is not surprising. I t is probable th at extended and more detailed observations would yield further information on the influence of the chemical properties of the grit on sensitizing (or, for th at matter, on desensitizing) the explosive. I t is clear, however, from tables 1 to 7 th at the overriding factor is the melting-point.
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Influence of size, thermal conductivity and hardness of the grit
We should expect th at the size, the hardness, and thermal conductivity of the grit particle would all play an important part because of the influence they have on the ease of the formation of hot spots. If the particles are too small and too numerous the energy of impact will be dissipated over many points of contact which are distributed over a large area, so th at no single hot spot reaches the required temperature for ignition. Experiments on the frictional initiation of nitroglycerine rubbed between metal surfaces in the presence of carborundum have, in fact, shown that larger grit particles (100/4 in size) were more effective in producing hot spots than smaller particles (0-6 to 10/t).
I t is clear th at although the maximum hot-spot temperature is fixed by the melting-point of the particle, the ease with which the hot spot is formed will be very dependent upon the hardness. With a hard sharp particle the stresses will be concentrated at one or two points so th at it will require a much smaller energy, under conditions both of impact and friction, to produce a localized temperature rise of the necessary magnitude. If the particle is soft it will be plastically deformed or crushed so that this local concentration of the energy is not possible. For this reason we should expect that hard particles would be much more effective than soft ones provided the melting-point of the particles is above the critical value.
Equally, we should expect that the thermal conductivity of the particles would be of some importance. The general relation between the thermal conductivity and the formation of hot spots and the incidence of explosion has already been established in the earlier work (Bowden, Stone & Tudor 1947) . It is much more difficult to get visible hot spots on rubbing surfaces and also to initiate the explosion of nitroglycerine if the surfaces are good thermal conductors. An interesting indication of the importance of the thermal conductivity of the grit particle was provided by rock salt. The hardness of rock salt is 2 to 3-5 and its melting-point is c. 800° C. It should therefore sensitize the explosives to impact and friction. Experiments showed that this was so. Experiments carried out with P.E.T.N. and with lead styphnate showed th at grit particles of rock salt initiated the explosion. In general, however, the explosion efficiency was appreciably lower than with the other grit particles of similar melting-point bu t lower thermal conductivity. For example, its explosion efficiency with P.E.T.N. under the conditions of table 1 was 50 % for friction initiation and 6 % for im pact initiation. W ith other grits of fiimilfl.r melting-point but lower thermal conductivity, this explosion efficiency was about 100 % for friction initiation and about 30 to 60 % for impact.
Support for this view was given by simple experiments in which a small block of rock salt was rubbed against a rotating glass plate under a considerable load (c. 301b.). Any hot spots of 560° C or upwards would have been clearly visible. No such visible hot spots were detected, and the whole block soon became too hot to hold. Other relatively poor conducting materials such as calcite and glass gave distinct visible hot spots under the same conditions. I t may be noted th a t the glass which is the hardest grit used in these experiments and which possesses a low thermal conductivity, gave with most of the explosives the highest explosion efficiency.
I nitiation o f explosion by the adiabatic compression o f air
I t is apparent th a t the hot-spot temperature necessary to inititate explosion under the conditions of these experiments varies somewhat with the different explosives investigated, but for all of them lies in the region of 400 to 550° C. This temperature is appreciably higher than the conventional ignition tem perature obtained by dropping the explosive into a hot atmosphere or on to a hot plate. Some of these values are given in table 8, column 2. However, the explosions obtained in these determinations occurred after induction periods of a t least several minutes, while the frictional hot spots were short-lived and were unlikely to last more than 10~2 sec. An attem pt was made therefore to estimate the minimum ignition temperature of the explosives nitroglycerine, P.E.T.N , lead azide, lead styphnate, mercury fulminate and tetrazene when the high-temperature source was applied for a very short time. The apparatus employed is shown in figure 2.
where vx and v2 are the initial and final volumes, and Tx and T2 the initial and final temperatures and y the ratio of the specific heats. In these experiments and Tx were kept constant, while v2 was varied by raising and lowering the piston P by means of the screw 8 . Consequently the maximum gas temperature could be calculated. The correction for the covolume of air was found to be insignificant, since the highest volume compression ratios used were only about 20:1. The minimum volume ratio to give an explosion in three trials was determined as well as the maximum volume ratio to give no explosions. From these values the ignition temperature was calculated. The results have been set out in column 6, table 8, and may be compared with the values obtained for the hot-spot tem peratures necessary for the initiation of explosives by friction and impact in the presence of grit which are shown in columns 4 and 5. I t is interesting to note that the ignition temperatures are of a slightly higher-order than the minimum hot-spot temperatures, but there is a much closer agreement between these figures than between the minimum hot-spot temperatures, and the conventional thermal ignition temperatures. Copp et al. (1948) calculated the order of temperature which would be required to initiate explosion by the following method.
W ith most explosives the thermal decomposition obeys a first-order law k = -In ---, where t is the time in seconds, a the fraction decomposed, and k the t 1 -CL velocity constant. In order th a t the explosion may propagate, a finite quantity of the explosive must be decomposed within the time of application of the hot spot.
Since the velocity constant must also obey an Arrhenius expression, a relationship between the time t and the temperature T can be obtained for a constant fraction decomposed Alternatively, if t can be Estimated, can be calculated for various hot-spot temperatures.
The following values of the velocity constants have been given for the thermal decomposition of nitroglycerine, P.E.T.N., cyclonite and mercury fulminate: nitroglycerine k= 1020'5 e-48* 000^2, (Roginsky 1932 (Vaughan & Phillips 1949 ).
In the next paper it will be shown th a t initiation of explosion may begin a t 5 x 10-5 sec. from the first instant of impact. The delay between impact and the first appearance of fight from the explosion includes the time of compression during which the explosive is made to flow, seal off a gas pocket, and compress the gas, as well as the time between the development of the hot spot and the onset of explosion. However, some further experiments reported in the next paper suggest th a t the explosion of P.E.T.N. occurs less than 10-5 sec. after the collapse of the gas pocket, th a t is, after the production of the hot spot. Using the above expres sions for velocity constants, table 9 has been drawn up to show the expected pro portion of each explosive decomposed in 10-5 sec. a t various temperatures. Since these calculations involve extrapolation for outside the range of tem perature over which determinations of the velocity constant have been carried out, they cannot be expected to give accurate Results, but the calculated values are never theless in fairly good agreement with the values determined by adiabatic compression of air and by friction at solid surfaces. For 50 % decomposition the necessary temperature would appear to b e , about 400° C for nitroglycerine and P.E.T.N., about 480° C for cyclonite and a little over 600° C for mercury fulminate which compare with the determined values shown in table 8.
The fairly close agreement between the determined hot-spot temperatures for initiation by friction or adiabatic compression of air and the values calculated by extrapolating thermal decomposition data provide additional evidence for the suggestion th at the chemical change which constitutes the onset of explosion induced mechanically is the same change as occurs at lower temperatures during slow decomposition.
I t must be concluded that the mechanical initiation of these solid and liquid explosives is due to the development of local high temperatures by friction between solid surfaces, or by adiabatic compression of gas, and it is not due to direct mechanical activation of surface molecules.
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